e instability process of bedding rock slope with weak interlayer may be induced under rainfall infiltration conditions. Due to this, we conducted a research of model test for the instability process, based on the similarity theory. With use of the recent 50 years' rainfall data of Changsha, China, we analyzed the seepage characteristics, mechanical characteristics, and deformation laws of the slope under the conditions of long-time heavy rain and short-time rainstorm, respectively. e test results show that the original seepage characteristics of the slope were changed by the existence of weak interlayer, presented the "double seepage" effect, resulted in the seepage characteristics of rock and soil in the shallow layer and weak interlayer of the slope showed a sickle "Γ" distribution, and the adjacent rock layer presented a curve-type "S" distribution. With the increase of rainfall duration, the weak interlayer gradually became muddy and softened, and then the plastic flow zone was formed locally. e stress concentration phenomenon was gradually generated in the weak interlayer due to the influence of the gravitational field of the upper rock mass. e large infiltration of rainwater led to the phenomenon of plastic flow extrusion of the slope at the weak interlayer extrusion. With the further penetration of the tensile cracks in the upper part of the weak interlayer, the slope had a large settlement displacement and gradually formed sliding shear deformation along the weak structural plane. Under the condition of equal rainfall amount, the condition of long-time heavy rain has a greater influence on the stability of the bedding rock slope with weak interlayer than that of short-time rainstorm. e failure form of slope could be divided into four stages: prechange stage, interlayer extrusion stage, slip-pull-fracture stage and plastic flow-shear failure stage.
Introduction
e bedding rock slope refers to the layered rock slope which is consistent with the trend of the whole rock mass and the slope formed by excavation. Such slopes are often at risk of instability due to the large-scale excavation of the original terrain during the formation and disturbance of the initial stress field. When there is a certain degree of strong weathered and weak interlayer in the slope, due to the water softening effect of the weak interlayer, the slope are more prone to instability damage at different degrees whenever the rainy season comes. In recent years, scholars at home and abroad have carried out some researches on the instability mechanism of bedding rock slope. For example, Li et al. [1] studied the dynamic evolution of rock-soil mechanics properties during the development of the landslide based on the typical case of landslide damage along the rocky slope of the ree Gorges reservoir. Shu et al. [2] studied the slope of the rock slope critical inclination and determined the functional relationship between the critical slope of the slip surface and the slope angle, the friction angle of the failure surface, cohesion, and the height of the sliding body. Bedoui et al. [3] aimed at the landslide mechanism of bedding rock slope, and the deep creep of slope landslide is divided into three stages: slope foot to the top of the initial slow deformation stage, slope foot to the middle of the slope surface of the accelerated deformation stage, and rapid deformation of the foot stage. Tiranti et al. [4] analyzed the stability of rock slopes in the near-horizontal layers and concluded that rainfall is the most important factor leading to the flat pushtype landslides in such rock slopes. Guzzetti et al. [5] performed in-situ investigation of a large number of Italian bedding rock instability along the slope and a comprehensive analysis of the development of this type of slope instability characteristics and forms of destruction. e above research results provided theoretical support for the analysis of the instability mechanism of bedding rock slope; however, there are still some problems to be perfected [6] [7] [8] [9] : (1) when the bedding rock slope contains the weak interlayer, what is the relationship between the instability of the slope and the weak intercalation? (2) Under the conditions of rainfall infiltration, what is the law of the seepage characteristics of this kind of slope and what kind of rainfall condition has the most influence on the rock slope with the weak interlayer. (3) Before and after rainfall, what happens to the mechanical properties of the rock slope and the weak interlayer, and how this change will affect the stability of the slope.
erefore, this paper relied on the bedding rock slope with weak interlayer along the left side of the Beijing-Zhuhai Expressway (Changsha-Zhuzhou section). Based on the theory of similar materials and combined with the indoor rainfall-spraying technique, model tests on the instability process of bedding rock slope with weak interlayer under different rainfall conditions were carried out, and the change law of volumetric water content, sliding thrust, and settlement of this type of slope under rainfall infiltration was analyzed. According to the test results, the most unfavorable rainfall conditions affecting slope stability were discussed, and the failure modes of bedding rock slope with weak interlayer under rainfall infiltration were proposed, which provided theoretical guidance for engineering practice.
Relying on the Slope Overview
e left side of the Beijing-Zhuhai Expressway (ChangshaZhuzhou section) is a high-cut rock slope. Due to the restriction of the terrain and the route, the slope was generally excavated at a ratio of 1 : 1, and the first and second grade slopes were high 10 m. e slope of the third grade was high 8 m.
rough the samples of on-site core drilling, it was found that the 3 m below the surface of the slope was strongly weathered shale and residual soil, and the lower 3 m was medium weathered shale, and the strike of the rock layer is basically the same as that of the excavated slope, which was the bedding rock slope. Due to the influence of geological structure and environmental factors, some rock strata in the second-level slope were relatively broken, fractures and joints were well developed, and were interbedded with the adjacent shale thin layers to form a strong weathering weak interlayer with a thickness of about 3 m. e strong weathering weak interlayer was exposed on the surface of the second slope. When the rainy season comes, the rainwater infiltrates into the weak interlayer quickly to form a muddy sliding surface, which affected the overall stability of the slope. erefore, this paper selected the rock-cut slopes with weak interlayer as the research object and carried out the model test of bedding rock slope with weak interlayer under different rainfall conditions. Influenced by the factors such as the model and rainfall, only the slopes of 30 m in length, 60 m in width, and 40 m in height were selected in this paper. e generalized model is shown in Figure 1 .
Model Test Program

Design Rainfall Conditions.
In order to draw up the most reasonable rainfall condition, relied on the slope engineering in Changsha area of Hunan Province, the rainfall data of Changsha area in recent 50 years are analyzed (Table 1) [10] . As it can be seen from Table 1 , the average annual rainfall days in Changsha area of Hunan Province reached 1/3 of the whole year, the average daily rainfall intensity was above 10 mm, and extreme rainfall situations also occurred from time to time. e difference of rainfall conditions are mainly the difference of rainfall intensity and rainfall duration [11] [12] [13] . In order to analyze the influence of rainfall conditions on the bedding rock slope with weak interlayer under the rainfall infiltration condition, according to the rainfall data in recent 50 years in Changsha area, two rainfall grades heavy rain and rainstorm were formulated. At the same time, the total rainfall was set to 60 mm. e rainfall intensity of heavy rain condition was 4.63 × 10 −4 mm/s, the rainfall duration was 36 h, and the rainfall intensity of rainstorm condition was 9.26 × 10 −4 mm/s, and the rainfall duration was 24 h. Specific rainfall conditions are shown in Table 2 .
3.2.
Determine the Similarity Ratio. In this paper, an engineering example was given. e geometric dimension of the bedding rock slope with weak interlayer on the left side of the Beijing-Zhuhai Expressway (Changsha-Zhuzhou section) is large. e model test of 1 : 1 is carried out in the laboratory to simulate the slope instability process: not only the volume of labor is large but also unrealistic. For a more realistic model test of bedding rock slope with weak interlayer under different rainfall conditions, the size of the prototype slope needs to be scaled reasonably. Reference to the relevant literature [14, 15] and the model test die size, the geometric similarity ratio of the slope was selected as 1 : 50. Considering the change of sliding thrust before and after rainfall infiltration caused by the specific weight of rock, selected specific weight ratio c c was 1 : 1, the internal friction angle c φ was 1 : 1, and the cohesion c c was 1 : 50. e other similitude ratio of related rock mechanics parameters according to the theory of similarity relations was obtained, as shown in Table 3 .
Proportioning of Similar Materials.
In order to carry out the model test on the bedding rock slope with weak interlayer on the left side of the Beijing-Zhuhai Expressway (Changsha-Zhuzhou section), the geotechnical parameters of each structural layer of the prototype slope must be determined. erefore, the prototype slope was sampled on site, and then the geotechnical parameters of each structural layer of the slope were determined through laboratory correlation experiments. Among them, the permeability coefficient of strongly weathered shale and residual soil layer, strong weathered weak interlayer layer, and medium weathered shale layer was determined by the indoor variable head penetration test, which was 1.21 ×10 , respectively. Cohesion and internal friction angle were determined by the indoor large-scale direct shear test. Cohesion was 256 MPa, 56 MPa, and 452 MPa, and internal friction angle was: 32°, 16°, and 52°. Other rock and soil mechanical parameters are selected according to the previous experimental experience and the relevant literature [16] [17] [18] data. Finally, according to the similarity ratio deduced from the similarity theory, the rock and soil mechanics parameters of similar materials were calculated, and the results are shown in Table 4 .
e ratio of similar materials means that, in order to make similar materials meet the requirements of some strength parameters, the proportion of raw materials should be combined according to a certain gradation [19] . Due to the diversity and complexity of the influencing factors of similar materials, it is not easy to fully meet the requirements of various geotechnical mechanical parameters. It is necessary to make ideal similar materials according to the research results of scholars at home and abroad and a large number of orthogonal experiments. erefore, this paper based on previous research results [20, 21] , selected barite powder, quartz sand as filler, cement, gypsum as cementing material, water, and clay as ingredients. In order to accord with the requirements of geotechnical parameters of each structural layer of the model slope in Table 4 , raw materials of similar materials are formulated according to a certain proportion. Among them, the strong weathered shale and residual soil layer was prepared according to barite powder : quartz sand : clay : cement : gypsum : water � 60 : 22 : 31: 3 : 2 :13, the strong weathered weak interlayer layer was prepared by quartz sand : clay : water � 2 : 8 : 3, and the medium weathered shale layer was formulated on the basis of barite powder : quartz sand : cement : gypsum : water � 55 : 31: 8 :1.5 : 6. e required raw materials formulated are shown in Figure 2 .
Model Test Program.
e model test was carried out indoors. First of all, the prepared similar materials were sequentially filled into the slope mold, standing for 48 h, and then the grouting material was divided into three stages according to the slope ratio of 1 : 1, excavation was completed and then allowed to rest for 72 hours, so that the slope reaches stable state. Secondly, for the sake of simulating the rainfall on the slope, the rainfall-spraying device was installed on the top of the mold and then adjusted the rainfall intensity and rainfall duration according to the two rainfall Notes. Average daily rainfall intensity � average annual rainfall/average annual rainfall days; extreme rainfall intensity � extremely average rainfall/extreme rainfall days. Table 2 . irdly, after the rainfall is over, the model was left standing for a period of time to monitor the deformation of the slope model after rain. e model test system is shown in Figure 3 . In order to focus on the inherent relationship between the strong weathered weak interlayer layer and the slope instability, this paper measures the volumetric water content, sliding thrust, and settlement before and after rainfall infiltration. e monitoring points P1, P2, P3, P4, P5, and P6 of the volumetric water content were equidistantly arranged at the below of the slope top with an interval of 4 cm. Among them, P1∼P3 were located above the weathered weak interlayer, P4 was located in the interlayer, and P5 and P6 were located below the interlayer. e earth pressure box was buried at the weak interlayer of the second-stage slope, containing three monitoring points F1, F2, and F3, and the three monitoring points were separated by 3 cm, respectively. Displacement monitoring points S1, S2, and S3 were located at the outcrop of the second-stage weak interlayer, with S1 above the interlayer, S2 within the interlayer, S3 below the interlayer, and 4 cm intervals between the 3 monitoring sites. Test equipment and monitoring points laid are shown in Figures 4 and 5. 
Analysis of Test Results
Variation of Slope Seepage
Characteristics. In order to analyze the seepage characteristics of rainfall infiltration in the bedding rock slope with weak interlayer, the monitoring points P1∼P6 of volumetric water content in the slope were monitored, respectively, under two kinds of rainfall conditions, heavy rain and rainstorm. e monitoring results are shown in Figures 6 and 7 . As shown in Figures 6 and 7 , we found that the uplift time of the volume water content monitoring point P1∼P6 in the slope was P4 > P1 > P2 > P5 > P3 > P6, but the uplift rate was P4 > P1 > P2 > P3 > P5 > P6. With the increase of rainfall duration, the volumetric water content over P1, P2, and P4 showed a sickle "Γ" distribution, while P3, P5, and P6 showed a curve-type "S" distribution. At the stage of rain stop, with the dissipation of rainwater, the rate of decrease of volumetric water content at monitoring points was
is phenomenon may be induced by the following reasons:
(1) e seepage of the slope surface continues to ow to the slope under the e ect of the gravitational eld, and the seepage characteristics and the buried depth meet the monotonic decreasing function relationship. (2) In addition to the part of the rainwater in ltrating into the weak interbed that owed downwards due to the gravitational eld, the other part would ow upward due to capillary action, leading to the inverse function relationship between the seepage characteristics of this part of rainwater and the depth of the embedded layer.
erefore, the original seepage characteristics in the slope were broken due to the presence of weak intercalation, which led to the distribution of volumetric water content that no longer met the monotonic decreasing function as the depth of the buried depth increases. e seepage characteristics of rock and soil in the shallow layer and weak interlayer of the slope showed a sickle "Γ" distribution, and the adjacent rock layer presented a curve-type "S" distribution. In addition, the high permeability of the weak interlayer creates a new seepage path for rainwater in ltration into the slope, which makes rainwater not only in ltrate from the slope surface but also Advances in Civil Engineering 5 penetrate into the interior of the slope through the weak interlayer, showing a "double seepage" e ect.
Evolution Law of Sliding rust ahead of Slope.
For the bedding rock slope with weak interlayer, the intervention of rainwater will muddy the weak layer and further reduce the shear strength of the layer, leading to the instability of the slope. In order to analyze the evolution of the mechanical properties of the slope under rainfall in ltration, the sliding thrust of the weak interlayer and the adjacent structural layer in the model slope was monitored (as shown in Figures 8 and  9 ). Under the condition of long-time heavy rain, the sliding thrust of three monitoring points F1∼F3 gradually increased and the monitoring point F2 in the weak interlayer increased most rapidly. During the rainfall period of 28∼34 h, the slip thrust at monitoring point F2 rapidly increased from 13 MPa to 35 MPa and then stabilized at 35 MPa, e sliding thrust of the monitoring point F1 was lower than F2 at 28 h, which was stable at about 15 MPa, and the minimum change of F3 was 7 MPa at the monitoring point. Under the condition of shorttime rainstorm, the monitoring point F2 did not show obvious phenomenon of rapid increase, the maximum sliding thrust stable at 19 MPa or so, monitoring point F1 maximum sliding thrust stable at 9 MPa or so, and the monitoring point F3 was stable at 5 MPa, which was obviously lower than the sliding thrust under long-time heavy rain condition. e reason for this phenomenon is that, with the "double seepage" e ect of rainwater on the slope surface and the weak interlayer, the bulk density of the rock mass in the upper section of the interlayer gradually increased and the weak interlayer gradually becomes muddy and softens. As a result, the slope tends to slip along the weak structure surface, resulting in the sliding thrust of the interlayer, and the adjacent structure layer increased gradually. Among them, the sliding thrust increased fastest in the weak interlayer. When the shear strength in the interlayer decreased to a certain extent, the gravitational eld in the upper rock mass will form stress concentration in the inner layer of the muddied layer, so that the sliding thrust of the interlayer increased rapidly, which aggravated the tendency of the slope slip, and formed the shear deformation along the weak structural plane, resulting in the instability of the slope.
Deformation Law of Slope Settlement.
In the bedding rock slope with weak interlayer, rainfall in ltration will muddy the interlayer and form the plastic ow zone, reducing the strength of the interlayer and leading to large deformation and failure of the slope. In order to analyze the deformation and failure of this type of slope under the conditions of rainfall in ltration, the settlement displacements at slope monitoring points S1∼ S3 were monitored (as shown in Figures 10 and 11) .
As can be seen from Figures 10 and 11 , with the continuous in ltration of rainfall, the subsidence displacement produced in the slope monitoring point gradually increased, and the increasing rate was in the order of S2 > S1 > S3. Under the long-time heavy rain condition, the maximum settlement deformation of the monitoring point S2 in the interlayer reached 23 mm, and the maximum settlement deformation of the monitoring point S2 was only 17 mm under the short-time rainstorm condition. Obviously, the settlement and deformation under long-time heavy rain were obviously larger than those of short-time rainstorm. Under the condition of long-time heavy rain, the change curve of settlement and displacement of the monitoring point S2 in the interlayer shows obvious 4-stage deformation:
Prechange Stage.
In the early stage of rainfall, rainwater seeped through the two paths at the slope surface and 6 Advances in Civil Engineering the weak interlayer, gradually wetted the interlayer, and the weight of the upper part of the interlayer slowly increased.
Microchange Stage.
e continuous infiltration of rainwater in the interlayer led to the further decrease of the interlayer strength and gradually formed the plastic flow zone. Due to the self-weight stress of the upper rock mass, some crushing and sinking deformation occurred in the interlayer.
Rapid Change Stage.
With the infiltration of rainwater, the gravitational field of the upper rock mass in the interlayer was also increased while the interlayer was muddied, resulting in stress concentration in the plastic flow region of the interlayer and a significant increase of the sliding thrust. At this time, the slope produced plastic flowtensile deformation and failure, and the settlement displacement increased significantly.
Microchange Stage.
After the slope instability occurred at the interlayer, the tendency of increase of settlement displacement was obviously reduced. With the gradual dissipation of rainfall, the settlement displacement of the slope was stabilized to a certain value after the rain stops.
Instability Forms
According to the test results of long-time heavy rain (Figures 6, 8 , and 10), the instability forms of this kind of slope can be divided into 4 stages: prechange stage, interlayer extrusion stage, slippull-fracture stage, and plastic flow-shear failure stage.
Prechange Stage.
Due to the "double seepage" effect of rainwater, the volumetric water content in the slope surface and interlayer gradually increased and the sliding thrust slowly increased at the initial stage of rainfall without breaking the original stable condition of the slope; therefore, it did not produce certain deformation.
Interlayer Extrusion Stage.
Rain infiltration in the interlayer continued to make the interlayer gradually muddy and softened, forming a local plastic flow zone; the intensity was significantly reduced. Affected by the gravitational field of the upper rock mass, the interlayer was gradually squeezed to produce certain crushing and settlement deformation, resulting in the continuous increase of the internal sliding thrust and the gradual slip trend of the slope.
Slip-Pull-Fracture Stage.
e cracks in the upper part of the interlayer were well developed and some tensile stress appeared, which had the development trend of going through the upper part of the rock mass from bottom to top. Under the action of gravitational field, the interlayer was further squeezed and stress concentration occurred in the interlayer, which caused the sliding thrust to increase rapidly and produced larger settlement deformation.
Plastic Flow-Shear Failure Stage.
With the infiltration of a large amount of rainwater, the strength of the weak interlayer was further reduced, and the tension cracks generated in the upper rock mass of the interlayer further expanded. e phenomenon of plastic flow extrusion occurred at the interlayer extrusion, and the shear deformation along the weak structural surface was gradually formed, which eventually led to the instability of the slope.
Conclusion
In this paper, based on the bedding rock slope with the weak interlayer on the left side of Beijing-Zhuhai Expressway (Changsha-Zhuzhou section), the model test of bedding rock slope with weak interlayer under rainfall infiltration was carried out. According to the result, we found the following results:
(1) e test results show that the original seepage characteristics of the slope would be changed by the existence of the weak interlayer under rainfall infiltration conditions, presented the "double seepage" effect, and opened up a new seepage path for rainwater infiltration. e seepage characteristics of rock and soil in the shallow layer and weak interlayer of the slope showed a sickle "Γ" distribution, and the adjacent rock layer presented a curve-type "S" distribution. (2) As the rainfall infiltration continued, the weak interlayer gradually became muddy and softened, forming a plastic flow zone locally. Due to the influence of the gravitational field of the upper rock mass, stress concentration occurred in the inner layer of the muddy interlayer, resulting in a significant increase of the sliding thrust of the interlayer and aggravated the tendency of the slope slip. (3) e large infiltration of rainwater led to the phenomenon of plastic flow extrusion of the slope at the interlayer extrusion. With the further penetration of the tensile fracture in the upper part of the interlayer, the slope had a larger settlement displacement and gradually formed sliding shear deformation along the weak structural plane. (4) Under the condition of equal rainfall amount, the condition of long-time heavy rain has a greater influence on the stability of the bedding rock slope with weak interlayer than that of short-time rainstorm. According to the test results under long-time heavy rain condition, the instability development forms of this kind of slope were divided into four stages: prechange stage, interlayer extrusion stage, slip-pullfracture stage, and plastic flow-shear failure stage.
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